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The effect of polydispersity on structure development in linear polyethylenes is studied by
simultaneous real time small-angle x-ray scatteri®AXS) and wide-angle x-ray scattering
(WAXS). Our measurements show that below 128 °C, changes in the SAXS and WAXS intensity
profiles for a broad molecular-weight distribution sample occur simultaneously as previously
reported for a narrow molecular-weight distribution sample. We demonstrate that variations in the
SAXS profile can be correlated with the morphological changes associated with the evolution of
single chain folded crystal lamellae to lamellar aggregates. At 128 °C and higher temperatures,
changes in the SAXS intensity profile for the broad molecular weight distribution sample occur
much earlier than the onset of lamellar crystal growth evidenced in the WAXS profile. For the
period before crystal growth is manifest in the WAXS scattering, the SAXS intensity at low angles
increases while the domain size remains constant. The low-angle intensity uptake in SAXS can be
best described by the Guinier approximation. On the other hand, the temperature dependence of the
variation in the average crystal thickness during isothermal crystal growth is a function of the
relative rates of primary crystallization and thickening at a given temperature. We discuss the effect
of a broad distribution in chain length on the various stages in the development of the morphology.
[S0021-960600)51025-3

I. INTRODUCTION in the higher molecular weight rang&i(,= 10°). It is obvi-
ous from the above that broad molecular-weight distribution
polymers are complex systems of chains exhibiting varying
crystallization rates.

Despite the extensive research on polyethylene, there

he morphology obtained during crystallization of poly-
ethylene is known to depend strongly on molecular weight
and polydispersity=* Such evidence has come primarily

from studies employing static light scattering, I”nicrOSCODy’have been no systematic measurements by real-time small-

and differential scanning calorimetry. The level of crystallin- . :
ity that can be obtained at a given temperature decreases angle x-ray scatteringSAXS) and wide-angle x-ray scatter-

the molecular weight is increas@dHowever, the crystalliza- ing (WAXS) of the effects of polydispersity on structural

tion rate does not increase monotonically with molecularc,hanges oceurring during the crystallization process. Real

length, but rather a temperature-dependent maximum is 06|_me simultaneous S.AXS and WAXGR.EfS' 7_9. can be a
served (Fig. 1). This effect was originally recognized by useful tool for studying thermodynamic and kinetic factors

Mandelkernet al2 In Fig. 1, the logarithm of the crystalliza- 2ffécting the morphological development of polymers.
tion half-time (in min) is plotted against the logarithm of the Variations in the crystal unit cell parameters and grystalhmty
viscosity-average molecular weight of molecular weightcan be determined from WAXS while the long period, lamel-
fractions of linear polyethylene. Fractions were obtained usla" thickness, interlayer amorphous thickness, and invariant
ing elution column techniques from either unfractionatedc@n be determined from SAXS. By comparing the morpho-
Marlex-50 or from a polymethylene sample prepared by thdogical quantities obtained from SAXS and WAXS to a
decomposition of diazomethane using boron ester catdlysismodel for the crystallizing system which accounts for
The maximum crystallization ratéminimum in its inverse, changes in the fraction of lamellar aggregates, we have been
T15) is more pronounced at higher crystallization tempera-able to separate primary and secondary crystallization and
tures. The rate of the initial decreaseny), with increasing ~ evaluate the relative importance of two secondary processes
molecular weight is independent of crystallization temperaduring and after primary crystallization of a narrow
ture (Fig. 1). However, the rate of the subsequent increase ifmolecular-weight distribution linear polyethyleHeThe two

712 With chain lengths above that which corresponds to thesecondary processes are the formation of new lamellar stacks
maximum crystallization ratéminimum in 7;,) depends on and increases in the crystallinity within lamellae. We have
crystallization temperature. These results indicate that also showf’ that for the narrow molecular weight distribu-
slight dependence of the crystallization rate on chain lengthion polymer studied, the observed changes in SAXS and
would occur at low crystallization temperatures 125°C)  WAXS scattering profiles can be divided into three distinc-
tive stages which reflect the evolution of isolated crystals to

daddress after July 2000: Department of Chemistry, Rensselaer Pontechn’@m(':'”ar aggregaltes as Squ_eSted by the microscopic obser-
Institute, Troy, NY 12180. vations of Todd! A schematic of the three stages of mor-
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further by increasing the fraction of lamellae and the thick-
ening of existing lamellae. Primary crystallization occurs
during stages | and Il.

The objective of this paper is to study the effect of poly-
dispersity on the nature of the density fluctuations during the
period preceding lamellar crystal growth and the evolution of
the fluctuations to lamellar crystals and supramolecular
structures in linear polyethylene. Our measurements show
that below 128 °C, changes in the SAXS and WAXS inten-
sity profiles in the broad molecular-weight distribution
sample M,,=53070 g/mol,M,/M,=2.9) (Ref. 1) occur
simultaneously as previously report€dfor a narrow
molecular-weight distribution sampleV(,=32 100 g/mol,

M, /M,=1.1).! For the broad molecular-weight distribution
sample, we demonstrate that variations in the SAXS profile
: : can be correlated to the morphological changes associated
v with the evolution of isolated crystals to lamellar aggregates
as is the case for a narrow molecular-weight distribution
FIG. _1. Logarithn_1 of c_rystallization half-timén min) plotted ag_ainst the sample. Above 128°C, changes in SAXS and WAXS con-
logarithm of the viscocity-average molecularw_elgM,()for the five tem- tinue to occur simultaneously for the narrow molecular-
peratures markedfrom Ref. 2. Data was obtained for molecular weight
fractions prepared from commercial polyethylenes. weight distribution sample while for the broad molecular-
weight distribution sample, changes in the SAXS intensity
profile occur much earlier than the onset of lamellar crystal
phological development is shown in Fig. 2. From the micros-growth as evidenced in the WAXS profile. In contrast to
copy studies, the authors were not able to determine ipther broad molecular-weight distribution polymers such
multilayered crystals develop immediately after the crystal-35 isotatic polypropylerté and polyethylene terephthal-
line domains are formed. Our measurements show that theEﬁel3‘15where the variations in electron density fluctuations
is a significant period where crystal growth can be attributethpserved before crystal growth appear to obey spinodal-
to monolayer crystals. During this period which we refer togecomposition kinetics, the differences we see are consistent
as stage |, the fraction of crystals increases while the lamellagith what one would expect on the basis of the dependence
thickness remains constant. The subsequent development §f the crystallization rate on chain length and hence its dis-
lamellar stacks occurs in stage II. Stage Il is characterized byipytion. The effect of a broad molecular weight distribution

a decrease in the periodicity of the sum of the crystalline angyn, the various stages in the development of the morphology
amorphous thicknesses, and the increasing dominance of the giscussed.

formation of lamellar stacks and increase in the crystallinity

within lamellae over the growth of superstructufgsimary ~ !I- EXPERIMENT

crystallization). After the growth of the superstructures is Measurements were performed on a narrow molecular-
complete(stage 1), the crystallinity continues to increase weight distribution sampléLPE1) and a broad molecular-

10%-

StageI  Stage II Stage 11

- -

—
~40nm ~1um ~10 um

FIG. 2. Schematic drawings for the evolution of linear polyethylene spherulite.
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TABLE I. Characterization data. used for angular calibration of the SAXS detector. NIST
standards SRM 674A«-Al,03) and SRM 675Mica), and
Lupolen were used for angular calibration of the WAXS de-
LPE1 SRM 1483 32100 g/mol 11 tector. A parallel plate ionizing detector placed before the
LPE2 SRM 1475 53 070 g/mol 29 sample cell was used to record the incident intensities. The
experimental intensities were corrected for background scat-
tering from the camera, temperature chamber and empty cell,
incident intensity variations, and pixel-by-pixel detector sen-

large-scale preparative gel permeation chromatography frorﬁ't'v'ty‘ The latter was estak_)l!ghed _from the scattering of an
a linear commercial polyethylene LPE2. The number aver- € source. TWO data acqwsmqn t!mes 15's and 30 s were
age and weight average molecular weighése given in used depending on the crystallization rate.

Table I. A more detailed description of the characterization

procedures used has been given in the NIST certificates dfi. DATA ANALYSIS

analysis for SRM 1488LPED and SRM 1475LPEJ. The A detailed description of the methods used to obtain the

meltlng point of quen(_:hed samples of LPEL ar_1d LPEZ_ Sintegrated area under the amorphous peak intenkifoh) ,
1.30 c. Fpr comparative puorposes, the theoretlcal equ'“bfhe area under the crystalline reflectiong.fy, the crystal-
flum !“.e'“”g po.mt ,Of 145.5°CRef. 16 will be used in linity from WAXS (w,), the unit cell lattice parameters af
describing the kinetics of both samples. andb and the peak width of the crystalline and amorphous

For X|_r§y measuhrementsg,:samples Wer?\ﬂmgltlpress]?d N Bflections have been given previouslySeveral variables
vacuum laboratory hot pres€arver press, Model C(Ref. characterizing the lamellar morphology can be estimated

17) at 160 °C for 30 min at 13345 N. The molded films were from the one-dimensional correlation functipp, (r) ] which
then allowed to cool to room temperature under vacuum. Ats the Fourier transform of(q)q?,

dual temperature chamber jump unit used for the melt crys-
tallization experiments consists of two large thermal cham- _
bers maintained at the melt temperat{iig =160 °C, (5— 71(r)_f
10) min] and a crystallization temperatur&,). The copper

sample cell was transferred rapidly=@ s from one cham- Q= Jml(q)qqu. )
ber (T,) to the other T,) by means of a metal rod connected 0

to a pneumatic device. A detailed description of the arrange-

ment of the sample and of the two detectors used to measu:r]réa t(;rsvirr;oegtkr)taalglgtfd T(;/ E{:agtql 51 gdAzllgrv)v’thtkt]r? eSa'iA(\chi‘
WAXS and SAXS simultaneously has been provided P 9&q="2.

previously'®1° Each polymer sample within the copper cell 2 function representing the background scatig) (and a

was 1.5 mm thick and 7 mm in diameter and was containeélmd'f'ed Porod Law of the forrff

between two 25.m thick Kapton films. The actual sample K exp(— a?q?)
temperature during crystallization and melting was moni- ()= ——,——+1s. (©)
tored by means of a thermocouple inserted into the sample q
cell. The crystallization temperatures studigd26°C, Details of this procedure have been given previoGSrun-
127°C, 128°C and 129 9Cwere usually reached without cation of the data aj=0.6 A~ has been shown to give a
overshooting, 120 s after transfer. Under isothermal condireasonable approximation of correlation functions without
tions the fluctuations in the sample temperature are less thaxcessive computational tinfé.Extrapolation toq=0 was
0.2°C. Unless stated otherwise, all references to time arperformed by drawing a straight line from the origin to the
times elapsed after transferring the sample to the crystallizéirst reliable data point aj=0.01 A™* in the I(q)q? plot.??
tion chamber. For most purposes, the major contribution to the experimen-
Time-resolved simultaneous SAXS/WAXS data weretal invariant can be used to characterize structure develop-
collected at the Advanced Polymer Beamline at Brookhavement. Therefore we calculate a relative SAXS invariant
National Laboratory, X27C. The radiation spectrum from the(Qsaxs) from the area under thg (q) —Ig]g? vs q curve
source was monochromated using a double multilayer mondsetween the first reliable data point and 0.24eyond the
chromator and collimated with three 2° tapered tantalum pinvalue for which[1(q)—15]g? remains constant. Variations
holes to give an intense x-ray beamat 1.307 A2 Two  in Qgaxs parallelQ and for consistenc@saxs is compared
linear position sensitive detectaSuropean Molecular Biol-  with the apparent crystallinity from WAXSw,). The crys-
ogy Laboratory, EMBI. were used to collect the SAXS and tallinity is referred to as “apparent” since corrections asso-
WAXS data simultaneously. For SAXS, the detector wasciated with crystalline disorder as discussed by Rufafh
located 1940 mm from the sample position. A vacuum chamwere not applied.
ber was placed between the sample and both detectors to The long period which represents the sum of the crystal-
reduce air scattering and absorption. The usable span of scdine and noncrystalline thicknesses can be estimated as the
tering vector magnitudepq=(4x/\)sin(f) and 29 is the  Bragg spacing corresponding to the peak position of the
scattering anglefor SAXS was in the range 0.01 A<q 1(q)g? vsqcurve (L,). The Bragg spacing corresponding to
<0.3 A"t while that for WAXS was 0.5 Al<q<2.6 A1,  the second SAXS peak Is,. L, represents a distribution of
Scattering patterns from silver behenate and Lupolen werperiodicities upon a second-order reflection of the first SAXS

Sample code Polymer M, (g/mol) My /M,

weight distribution sampléLPE2). LPE1 was prepared by a

:I(q)qzcos{qr)dq/Q, @
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FIG. 3. Expected changes in the SAXS intensity profile during the evolution

of isolated crystals to lamellar aggregates. Dashed line shows the intensity
profile for isolated crystals while the solid line shows that corresponding to

lamellar stacks. No changes in SAXS and WAXS will be observed before

the formation of stable nuclei. Arrow shows the general progression in the

peak maximum.

peakL.° In subsequent discussions we will referltg as
the minor long period. In all figures, the standard deviation
in the quantities estimated from SAXS and WAXS are plot-
ted only when the uncertainty limitstandard deviationare
larger than the symbol size of plotted points.

IV. RESULTS AND DISCUSSION
A. Early stage crystal growth

In the classical view of polymer crystallizatidhnucle-
ation is initiated by large amplitude, local fluctuations of an
order parameter, such as density, when a polymer solution or
melt is cooled below it melting temperature. The result is the
appearance of small nuclei of the stable crystalline phase and
only those larger than a critical size grow. There is an induc-
tion period associated with the time to form the critical crys-
tal nuclei from the amorphous state. The primary lamellar
habit formed is a consequence of the anisotropic growth of
the nuclei. The isolated crystalline domains formed will ex-
hibit a monotonically decreasing profile with a maximum at

Evolution of density fluctuations to lamellar crystals
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q=0 (Fig. 3. In experiments, if a slope of 2 is obtained for FIG. 5. Development of SAXS and WAXS during isothermal crystallization

a Inl vs g plot in the region where the data are fitted to this

of LPE1 (M,,=32100, M,,/M,,=1.1) at 129 °C within the first 2700 s
after melting at 160 °C for 5 min(a) SAXS, intensityl saxsd?; (b) WAXS,

intensity I waxs; (€) SAXS, intensityl saxs. SAXS intensity represents ex-
cess scattering due to density fluctuations at the crystallization temperature
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since melt scattering has been subtracted. The relative standard deviation in
the SAXS intensity values in the range 0.01%<q<0.02 A1 is less than

2%. At higher wave vectors, the relative standard deviation increasesjwith
and the maximum value is less than 15%. Bold curves denote the end of
stage |. WAXS curves have been offset for clarity.

function, an appropriate functional form for the intensity pro-
file is Guinier's Law?® The radius of gyration of the dense/
crystalline domain can then be obtained. As lamellar aggre-
gates develop, a peak at finitg corresponding to the
periodicity of the repeat unitone crystal plus one amor-
phous layerwill appear in the SAXS profiléFig. 3). As the

qA™ number of repeat units and the perfection in stacking in-
crease, the relative intensity of the higher order maxima in

FIG. 4. Expected changes in the SAXS intensity profile for spinodal-

assisted nucleation. Note that these changes occur when no Bragg peaks gbee SAXS proflle should increase. For this mechanism, no

evident in the WAXS intensity profile. Arrow shows the general progressionchanges in the SAXS and WAXS profiles will be observed

in the peak maximum.

during the induction period.
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In the case of a spinodal-assisted nucleation mechanism, 25 ' ' .
recent experimentd° report the development of a SAXS LPE2: 126 'C
peak during the induction period. This feature has be attrib- 20 ¢ “
uted to the development of electron density fluctuations as- x 1800 s
sociated with partially ordered states. The scattering behav- /
ior preceding the formation and growth of stable crystal
nuclei is consistent with the mechanism for spinodal decom-
position (Fig. 4). Spinodal decomposition is a process in-
volving the spontaneous growth of fluctuations. The charac-
teristic length scale associated with the developing spinodal
texture gives rise to a SAXS peak at finggeDuring the early —————
stages of growth, the amplitude of fluctuations increases ex- 0 0.02 0.04 0.06 0.08
ponentially with time while the peak position remains con- (@) a@dn
stant. As the domains coarsen, the peak position will shift to

I d (@) X 107

smaller wave vectors. Domain growth is arrested once Bragg 32 ¢ LPE2: 126 °C |
peaks appear in the SAXS profile, signaling the formation of 28
lamellar stacks. 24 |

Figures 5—7 show the change of the SAXS and WAXS 20 |
intensity profiles during the early stage isothermal crystalli-

| t6 | % &
zation of LPE1 at 129°C, LPE2 at 126°C, and LPE2 at % %

129 °C after melting at 160 °C. The time dependence of the 12 ¢ % %
amorphous peak intensity, the integrated area under the crys- 8 %ﬂ& —90s
talline peaks and the integrated SAXS intensity for each al &
sample are shown in Figs. 8 and 9. At each temperature, ‘ . :

I .xs(an)

even though the time dependence of the integrated intensities 00,5 1 1.5 2 2.5270S
for both samples are similar, the onset of changes vary  (b) q@A™
strongly with temperature. As a polymer melt is transformed
to the crystalline state, one expects the peak intensity of the 100 LPﬁz- 126°C
amorphous scattering to decrease while that of the crystalline )
reflections increases. As lamellar sheaves are developed, an 80 1800s |
increase in the SAXS peak intensity is expected. For LPE1,
changes in SAXS and WAXS occur simultaneously when 3 60 T
the sample is crystallized isothermally in the temperature &
range 127 °C to 130 °CFig. 8 while similar changes are j 40
observed for LPE2 below 128 °Fig. 9.

However, at 128 °C and 129 °C, the SAXS intensity at 20 ¢ 270 s
low wave vectors for LPE2 increases before any increase in
the area under the crystalline reflections can be resolved in 0 0 " .06 0.08

the WAXS scatteringFigs. 7 and 9 Similar results are also
obtained at even higher temperatures. For both samples, the
absence of a distinct peak in the SAXS profile may be due t&lG. 6. Development of SAXS and WAXS during isothermal crystallization
a very small population of lamellar stacks and/or monolayeff -PE2 (M,=53070,M,,/M;=2.9) at 126°C within the first 1800 s

. after melting at 160 °C for 5 mir(@) SAXS, intensityl saxsq?; (b) WAXS,
lamellar crystals. For LPE1, we have shown prewo’d)silyat intensity I waxs; (€) SAXS, intensityl saxs. SAXS intensity represents ex-

the SAXS intensity profiles during the initial stages of cess scattering due to density fluctuations at the crystallization temperature
growth are characteristic of the growth of isolated crystalssince melt scattering has been subtracted. The relative standard deviation in
(Stage J. In addition, the intensity profiles during Stage | can the SAXS intensity values in the range 0.01%<q<0.02 At is less than

be described by Guinier's Law for isolated domains at hith%' At higher wave vectors, the relative standard deviation increasesgwith

o ‘ ) ; and the maximum value is less than 15%. Bold curves denote the end of
dilution and for randomly oriented thin platelets. The inten-stage 1. WAXS curves have been offset for clarity.

sity variations are given B§
R2q2
I(q,t)ocexp{ - % , (4)  both samples at 129 °C are shown in Figs. 10 and 11, respec-
tively. At this temperature, a dense domain is formed ini-
1292 tially when changes are observed in SAXS and the average
I(q,t)ecq 2 EXF{ - 91—2} (5  size of this domain does not change. Similar results are ob-
tained at lower temperatures when the initial stages can still
whereRy is the radius of gyration of the isolated domain andbe resolvedTable Il). The average size of the domain ob-
|4 is the thickness of the platelet. Figure@8and 9a) show  tained for LPE2 is about the same as that obtained for LPE1
Ry as a function of time for LPE1 and LPE2 at 129 °C re-at the same crystallization temperatdi@ble II).
spectively. Typical Guinier plots using Eqggl) and (5) for The kinetic model of Hoffmaret al?® predicts that the

qaA™
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FIG. 7. Development of SAXS and WAXS during isothermal crystallization

of LPE2 (M,,=53070,M,,/M,=2.9) at 129 °C within the first 10 350 s o ) ] ]

after melting at 160 °C for 5 mint@) SAXS, intensityl gaxs; (b) WAXS, FIG. 8. Variation Qf integrated area under the cry;talllne reflectld)g‘},%,x
intensity lyaxs: (C) SAXS, intensityl saxsg®. SAXS intensity represents I the WAXS_profllg, the amorphous peak |nt_ensn)én(m) and the inte-
excess scattering due to density fluctuations at the crystallization temper&rated SAXS intensitylaxs) during crystallization of LPE1 &) 129 °C;
ture since melt scattering has been subtracted. The relative standard devi® 128°C and(c) 127 °C. The radius of gyrationRy) of the isolated
tion in the SAXS intensity values in the range 0.01%q<0.02 A'tis  domain during crystallization at 129 °C is shown(&.

less than 2%. At higher wave vectors, the relative standard deviation in-

creases withg and the maximum value is less than 15%. Data shown is
during stage I. WAXS curves have been offset for clarity. . . o5
thermodynamic stability at the fastest rate &t.©> The
theory predicts al value of 10-15 A. Experiments carried
out on solution and on melt crystallized polyethylene under
conditions where lamellar thickening is not observed,
yield an average valuél =43 A;5l ;,=28.1 A anddl
=58.7 A% By substituting values appropriate to SRM 1483
crystallized from the melf (Ah;=280Jcm™ 3, T8=417 K,

ando,=90mJ n¥) and accounting for the variation in mea-

initial lamellar thickness formed t) is given by
20T,
~AhAT

*

+ 4, (6)

where the quantitA h; is the heat of fusion, the equilibrium
melting point isTY , AT:T%—TC, o, is the interfacial free  sured and predictedl, 1* is found to range from 178 A to
energy associated with the basal plane, ahds the thick- 238 A at 128 °C and 129 °CTable ll). The measured initial
ness increment above the minimum lamellar thickness whiclrystal thickness for LPE1 at 128 °C is 220°AThe Guinier
enables the secondary surface nucleus to enter a region plot, interpreted in terms of scattering by monolayer lamellar
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FIG. 9. Variation of integrated area under the crystalline reflectibgg)

in the WAXS profile, the amorphous peak intensity{,,) and the inte-
grated SAXS intensitylgaxs) during crystallization of LPE2 &) 129 °C;

(b) 128°C and(c) 126 °C. The radius of gyrationRy) of the isolated
domain during crystallization at 129 °C is shown(&).
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FIG. 10. Guinier plots for various crystallization times in stagé).LPE1
at 129 °C;(b) LPE2 at 129 °C. Lines represent fits to the data points using
Eq. (4).

applying Eq.(5) indicates thatw>I4. Unfortunately, our
current analysis does not allow us to determine the magni-
tude ofw relative tol 4.

The starting point for almost all analytial and
numerical? approaches to a theory of phase orderingd
separatioh kinetics is a stochastic partial differential equa-
tion describing the evolution of an order parameter such as
concentration or density. During tlearly stagesf ordering
after nucleating centers are formed, the amplitude of fluctua-
tions reflected in the scattering intensity should increase ex-
ponentially with time while the characteristic domain size of
the ordered phase should remain constant. If spinodal de-

crystals, should give a domain size similar to that found forcomposition were to play a major role in the early stage
the crystal thickness at the same temperature. The goaztystallization process, the characteristic length scale associ-
agreement between the size of the platelet thickness obtaineded with the developing spinodal texture should give rise to
for LPE1 and LPE2 with the predicted initial lamellar thick- a SAXS peak at finiteq which is inconsistent with the
ness and that measured by Keller and Offianggests that Guinier character of the SAXS intensity profile. Experimen-
the scattering during stage | can be attributed to isolatedhlly, the linear dependence of the logarithm of the scattered
crystals(Table Il). However, since the uncertainty in the do- intensity at a giverg with time for a range ofj values is a
main size obtained with Eq4) is much smaller than that strong indication of early stage ordering kinetics. During the

obtained for the platelet thickness by use of Ef), we do

induction period for LPE2 at 129 °C, the logarithm of SAXS

not have platelets that can be described as infinitely widéntensity at lowq increases linearly with time while the char-
such that one can assume tha&b, where the width of the acteristic size of the dense domain remagmmstant(Fig.
platelet is denoted ds. The relatively good fit obtained by 12). This observation and the Guinier character of the SAXS
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6 . . its effect on segmental mobilifylt follows that for a sample
0630s with a broad distribution in chain length, the environment for
o810s chains that can crystallize more rapidly can be very viscous.
©900s This increase in viscosity can slow down the nucleation ki-

4l 0990s | netics and affect the quality of crystalline nuclei formed such

= © 1080 s that in LPE2 local crystalline order is not achieved initially
; and a gradual increase in the local order of the dense domain
o m has to occur before the resulting crystal can grow. On the
% M other hand, LPE1 is a sample with a narrower distribution in
5"’2 M chain lengths hence the crystallization rate of each molecule
= should be similar. Our results can be interpreted to indicate
M that the local viscous environment may affect the nature of
LPEL: 129 °C the crystal nuclei formed at a given temperature in addition
0 s s to retarding the growth rate?’ of the crystals. These same
0 0.01 0.02 effects should be observed for a narrow molecular weight
(b) qX10° (A7 distribution sample with a high molecular weight
(M,=10°).
FIG. 1{. (.5uinier plots for \/oariou§ crystallization.times in stagéfi].ITPEl ' During the period before crystal growth is manifest in
gtql(25€; C;(b) LPE2 at 129 °C. Lines represent fits to the data points usmgthe WAXS scattering, it is not clear whether the isolated

domain obtained for LPE2 has sufficient order to be classi-
fied as crystal. The delayed appearance of changes in the
intensity profile indicate that fluctuations observed in theW'_AXS intensity profile may be due_ to the |n|t|§\l forma_ltl_on
SAXS profile before crystal growth is manifest in WAXS, OT |mpefrfect' mono!ayer crystals, which dp n otgive sufflClgnt
can be attributed to the local ordering of isolated domains. diffraction signals in WAXS but may e?<h|b|t enough P'e_”s"y
In LPE2, the onset of crystal growth occurs much latercontrast from the _amorphous phas_e In SAXS. If t_h|s Is the
than in LPEL(Figs. 5-9. In Fig. 1, the decrease in the S2S€: the mechanism for the evolut!on o_f the _den3|ty fluctua-
tions before lamellar crystal growth is evident in WAXS may
be as follows. It is only after a sufficient density val(ae-
geringv in the dense phase has been attained that lamellar
crystal growth becomes evident in SAXS and WAXS. The
lamellar crystal growth process is characterized by a greater
TABLE Il. Domain sizes during stage |. Radius of gyration of isolated rate of increase in the SAXS intensitfig. 9 concurrent
domains at high dilutionRy); thickness of randomly oriented thin platelets with an increase in the area under the crystalline reflections
(14); range of crystal thickness predicted by secondary nucleatfon The ~ and with a decrease in the amorphous peak interisigy
I* ve_llues reflect a range spanning the theoret_ical valull 010 A) andthe  crease in the concentration of amorphous regiofke en-
e o vt o s ompaige, " hancement of densiy fluctuations may also refect improve-
ments in the lateral stem packing of chains as the number of

crystallization rate(longer 715) with increasing molecular
weight in the higher molecular weight rangkl (= 10°) has
been attributed to the increased viscosity of the medium an

Sample  T(°C) Ry (B) Iy (B) I* (A) dense domains increases.

LPE1 128  (171x7 A  (169x22 A 178 A-227 A

LPE1 129  (173x5 A  (194x149 A 189 A-238A B. Evolution of lamellar aggregates

LPE2 128 172+8) A 195+15 A 178 A-227 A .
LPE2 129 El74i8; A 21974_r 12 A 189 A—238 A For LPE1 and LPE2, superstructures such as spherulites

and axialites consisting of crystalline and noncrystalline re-
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gions grow during crystallization from the mét?>! The 1 T m 800
SAXS invariant for a system where all the crystallizable os | w 1700
units are within supermolecular structures is giver’by . R 600
Qsaxs=CXxeX( XcL(1=Xc ) (Ap)?. (7) 5 Quas 500,
3 1 4007
In Eq. (7), C is a factor dependent on geometry and other G 400%_
quantities that are kept constant during the experimeptis OE L, 300=
the electron density difference between the crystalline and 4 200
amorphous phasesg is the volume fraction of polymer L, 1400
transformed into supermolecular structuxe,is the volume o2 ‘ LPE1: 127 C o
fraction of lamellar stacks within the superstructures, and “o 1200 2400 3600
XcL is the fraction of crystals within the lamellar stacks. The (@) Time (s)
volume fraction of lamellar stacks is given byx, . The 800
implicit assumption of this model is that all the crystals are I I
: : 0.6 We 4700
in lamellar stacks and there are only two phagegstalline P
and amorphous In addition, the fraction *xg, which is 600
not involved in forming the supermolecular structures, does o 04 Qsaxs | 500,
. 30 ~
not contribute t(_JQ_SA>_<s- _ 5 L - 400:%
The crystallinity index measured by WAXSv() is the 5 02 T 2005
total mass fraction of crystals within the sample that is re- & L
lated to the above quantities by 0 e 200
-
p LPE2: 126°C | 100
C
=|—= -0.2 . ! 0
We (ps Pe, ®) 024 1200 2400 3600
(b) Time (s)
D =XX XcL s ) . . »
FIG. 13. Changes in morphological quantities for synchrotron SAXS/
Ps:Pc®c+Pa(1_ch)' (10) WAXS during crystallization of(a) LPE1 at 127 °C, andb) LPE2 at

where @ is the volume fraction crystallinity that can be
estimated from WAXS. The electron densities of the crystal-
line and amorphous regions are designate@bgndp, and
that of the sample ips. The factor p./ps) is included to
convert volume fractions to mass fractions.

According to this modelxs increases from 0 to 1 during |ae (increases ¢, ).

126 °C; degree of crystallinity determined from WAX8, (—), SAXS
invariant Q (@), the long period I(;), and the minor long periodL()
obtained from théq? curve.

creases in the fraction of lamellar stacks X continue to
dominate over any increases in the crystallinity within lamel-

the growth of superstructuréprimary crystallization Dur- The shift in the first maximum of the correlation func-
ing the primary crystallizatiofistages | and )lof most poly-  tion to smaller spacings, and the increase in the intensity of
mers, the change of,_ is small as compared to the variation he second order maximum with crystallization time, is con-
in the fraction of lamellae within the superstructure$x()  sistent with the development of lamellar stacks with a high
so thatxc, can be considered to be almost Cons_(ﬂg. 2. Jevel of periodicity in stacking during primary crystallization
As a result,Qsaxs andw, or . are correspondingly pro-  of | PE1 (Fig. 14). A two-phase analysis of the correlation

portional toxsx, [Egs.(7) and(8)]. This will also be the case  fynction of SAXS data yields estimates for the long period
if spherulitic growth occurs rapidly and the fraction of lamel-

lar stacks within the spherulite continues to increase while
XcL remains constant. In contrast, during secondary crystal- 1
lization involving only an increase img, with X, and X
constantQsaxs is proportional toxc (1—Xc) while wg is
proportional tox¢ . Thus, for this model during secondary
crystallization, the change imv, will be larger than the
change 0fQg,xs, IN contrast to primary crystallization when
Qsaxs andw, are proportional to each other. If the sample is
completely filled with lamellar stack&.=X¢, . 0 W “, XX
In stage I, the relative invarian@Qsaxs) and crystallinity A\ / -
(w.) increase in proportion as the fraction of material within ] \
the superstructures increases witg, relatively constant A
(Fig. 13. The scattering during this stage is characteristic of
individual lamellae and can be interpreted in terms of a skel-
etal spherulite model, wherein the lamellar ribbons extend as

units or as complete groups out_ward into the_ meft. Al- ~ FIG. 14. Correlation functions calculated from the time-resolved SAXS
though the superstructures continue to grow in stage I, inprofiles of LPE1 at 127 °C. Profiles during stage Il are shown.

— 540s
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720 s
— 960 s

0.5 B Lmax
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TABLE Ill. Limiting values morphological parameters. Period of the first SAXS peak)( period of the
second SAXS peakL(); first maximum in the correlation functiorLf,.); twice the first minimum in the
correlation function },); thickness of the thicker phasE(; thickness of the thinner phask §; crystallinity
from WAXS wg . The* denotes that the values shown aretfer7200 s.T denotes temperature. The standard

deviation inL¥ , L%, L¥,,, andL¥;, is abou 1 A while that forl* andl} is abou 5 A .

Sample  T(°C) L1 A LA LA LA TA BA) w

LPE1 127 343 A 180 A 288 A 337 A 242 A 95 A 0.73
LPE1 128 373 A 180 A 392 A 360 A 246 A 114 A 0.53
LPE1 129 454 A 185 A 462 A 417 A 262 A 155 A 0.43
LPE2 126 351 A 169 A 352 A 338 A 229 A 109 A 0.58
LPE2 128 478 A 170 A 458 A 431 A 288 A 143 A 0.19

and thickness of both crystaline and amorphousare in good agreement with reportédvalues (;
phases?*>**We have previously stated that the long period =245 A—265 A and (,=90 A-130 A obtained for LPE1
can be estimated from tzhe Bragg spacing corresponding tannealed in the temperature range we studi#26°C—
the peak position of(q)q~ vs g curve. The long period can 130 °Q) in the range of chain lengths that can crystallize with
also be estimated as the position of the first maximum in th‘%iecreasing temperature.

correlation function (n,) and twice the position of first At all temperatures, the variation iby,, parallelsL,
minimum in the correlation functionl(nin) (Fig. 14. Lmax  (Figs. 12, 15, and D8ut L 4 is slightly less thar., (Table
represents the most probable distance between two crystqﬁ)_ At long times, Lyn>Lma>L, for LPE1 at T,
separated by an amorphous layer whilg, represents the - 127 °c and for LPE2 above 125 °C. The physical impli-
most probable distance between crystal-amorphous integation of this observation is that the variance of the thinner
faces. For an ideal two phase model=Lma=Lmin- FOr  phase(amorphousis much larger than that of the thicker
most polymers, the distribution in the crystal and amorphoq%hase(crystalline).30 At lower temperatures this inequality is

thicknesses are not the Same and are usually broad, whigRyersed and there is a relatively larger variation in the crys-
results inLq# L max® L min-

analysis of the correlation functiof*>3® The method that

; . . . crystallize increases with decreasing temperature.
we have employetl is summarized by the simple expression 4 g b

The long period ;) for LPE2 is much larger than that
A=X1(1—X1)L max: (11)  for LPE1 while the minor long periodd_¢) differ by about
10 A at the same temperatufEable I1). A detailed analysis
of our synchrotron WAXS data shows that taendb unit
l1=X1bmax and 3= (1=X1)L max- (12)  cell lattice parameters for both samples are identical, sug-
In Eq. (11), A iis the first intercept of the correlation function 9€sting that polydispersity does not affect the crystal lattice
with the r axis (Fig. 14 andL . is the long period corre- (Table IV). The full-width at half-maxw_num glsq remains
sponding to the first maximum of the correlation function. constant(Table 1V) as the molecular weight distribution in-
Note that Eq.(11) is quadratic inx, and can be solved to Créases from LPE1 to LPE2, suggestmg that the perfection of
obtain two solutions whose sum equals 1. We choose thi€ crystals and the Iateral_ packing of stems does not _change.
larger value ofx, and as a result; represents the thicker AS @ consequence, the differences between the major long
phase and the smaller phasd s**°"%|t follows that if |, periods for LPE1 and LPE2 must result from variations in
is the thickness of the crystalline phase thgrxc, . Care their amorphous content.
should be taken when using the morphological quantlties As temperature is increased, the variations in the mor-
and |, for subsequent analysis since the thickness distribuPhological parameters extracted from the correlation func-
tion of each phase is not accounted for. However, the trendéon during crystallization are less pronound&dgs. 15 and
in both phases are captured by variationd jrandl,. In  16). Attemperatures below 129 °C for LPERigs. 18a) and
order to assign the two calculated thicknedseand|, to the ~ 15(b)] and below 128 °C for LPERFig. 16b)] I, decreases
crystal and interlayer amorphous thickness additional inforinitially and I, remains relatively constant when the crystal-
mation from WAXS is required. In stage Il whepe, is  linity from WAXS is less than 0.5. If, is the average crystal
constant, the assignment bf as the crystalline phase re- thickness then it is likely that the sharp initial decreaseg,in
quires that the volume of lamellar stacks is greater than while |, is constant is consistent with the formation of new
(xgx,>1) while for mass balance of the crystal phase thecrystals(increase irx,) at a rate for which the thickening of
following conditionxx, <1 must be satisfied. Thus in order existing lamellagiincrease irxc,) is negligible in compari-
to fulfill the criterion of mass balance for the crystalline son. The new crystals are probably formed by nucleation on
phase|; must be crystalline and the smallermust be the pre-existing crystals or from a melt restrained by lamellae
noncrystalline layer. Moreover our values for the crystallineformed at earlier times. The subsequent increask, iand
(I1) and amorphous thickness,) at long times(Table Il1) decrease iih, can be attributed to increases in the crystallin-

wherex; is defined by
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700 ‘ I ‘ ' III‘ FIG. 16. Estimated values of long peridd,.,, thicker phase l¢) and
600 | | thinner phasel() during crystallization of LPE2 &) 126 °C;(b) 128 °C.
500 ‘”Mw Lo
= 400 % max narrowing in the distribution of crystallizing chains and
= 1 hence a narrower range of growth rates with increasing tem-
—~ 300 . L, perature. This narrowing is consistent with the decrease in
3 the number of stacks formed with increasing temperature.
200 L, . o -
i o N I Srreren Such a decrease is suggested by the variation of the limiting
100 | o crystallinity (w}) with temperature for LPE1 and LPE2
0 ‘ ‘ ‘ LIIJEI‘ 12,9 C (Table Ill). At long times,xs~1 and below 129°Cxc,
0 1200 2400 3600 4800 6000 7200 ~0.7, wherexc =I7/L} . Thus the decrease i} with
(c) Time (s) increasing temperature is consistent with a large decrease in

the fraction of stacksx, as fewer chains crystallize. The
FI_G. 15. Estimated_values of_Ion_g peridd, ., thicker phase Ig) and slightly lower value ofxc, (0.63 for LPEL at 129°C is
thinner phaselg) during crystallization of LPEL &) 127 °C; (b) 128 °C: consistent with the much larger amorphous thickness at this
(c) 129°C. : e :

temperaturéTable Il). Since similar trends it 4y, |1 and
|, are observed for LPE1 and LPE2 with increasing tempera-
ture, the variation of these parameters must depend primarily
on the relative rates of primary crystallization and thickening
which in turn are strongly temperature dependent. Our re-
sults suggest that in the limit &f,,/M,=1 and high crys-
Nallization temperaturesi>128 °C), crystal growth should
occur at constant crystal thicknes.

ity within the lamellar stacks by conversion of the interlayer
amorphous material. Here the increasexig dominates
changes irx, . As expected, the interlayer amorphous thick-
ness in LPE2 is much larger than that in LPE1 at a give
temperaturgTable IlI).

At higher temperatureg§=igs. 1%c) and 1@b)], the slight
decrease in; indicates_ a smaller range in _the_z _c_rystal thick- V. CONCLUSIONS
ness of the later forming crystals. After this initial decrease
no subsequent increase is observed. The reason for this may The simultaneous measurement of SAXS and WAXS for
be that at higher temperatures the growth rate of the supenarrow and broad molecular weight distribution polyethylene
structure formed may be slow enough to allow the additionrdemonstrates that the differences observed during the devel-
of a chain fold and possible reorganization of the stem at thepment of the morphology can be attributed to the depen-
growth front resulting in improvements in the stem packingdence of the crystallization rate on chain length and polydis-
before another molecule is added. The slower variation opersity. Broadening of chain length distribution slows down
Lmax: 11 @ndl, at higher temperature may also indicate athe rate at which the morphological variables derived from
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TABLE IV. Average values of the andb unit cell lattice parameters, full-width at half-maximuri)(of the
(110) and (200) crystalline reflections during crystallization of LPE1 and LPE2 at various crystallization
temperatures ). Average values are for times greater than 3600 s. Thealues denote the standard

deviation.

Sample T (°C) a (A) b (A) 0 (A) 00 (A)
LPE1 127 (7.634£0.000 A (4.937-0.002 A (0.045-0.002 A (0.053+0.007 A
LPE1 128 (7.644-0.003 A (4.945-0.002 A (0.048:0.004 A  (0.056+0.007 A
LPE1 129 (7.640:0.009 A (4.945-0.002 A  (0.048-0.005 A  (0.055-0.007 A
LPE2 126 (7.625-0.009 A (4.938:0.002 A  (0.044-0.002 A  (0.052+0.001) A
LPE2 128 (7.620:0.004 A (4.950-0.002 A (0.042-0.00) A  (0.057+0.002 A
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